ABSTRACT. Understanding complex social-ecological systems, and anticipating how they may respond to rapid change, requires an approach that incorporates environmental, social, economic, and policy factors, usually in a context of fragmented data availability. We employed fuzzy cognitive mapping (FCM) to integrate these factors in the assessment of future wildfire risk in the Chiquitania region, Bolivia. In this region, dealing with wildfires is becoming increasingly challenging because of reinforcing feedbacks between multiple drivers. We conducted semistructured interviews and constructed different FCMs in focus groups to understand the regional dynamics of wildfire from diverse perspectives. We used FCM modelling to evaluate possible adaptation scenarios in the context of future drier climatic conditions. Scenarios also considered possible failure to respond in time to the emergent risk. This approach proved of great potential to support decision making for risk management. It helped identify key forcing variables and generate insights into potential risks and trade-offs of different strategies. The "Hands-off " scenario resulted in amplified impacts driven by intensifying trends, affecting particularly the agricultural production under drought conditions. The "Fire management" scenario, which adopted a bottom-up approach to improve controlled burning, showed less trade-offs between wildfire risk reduction and production compared with the "Fire suppression" scenario. Findings highlighted the importance of considering strategies that involve all actors who use fire, and the need to nest these strategies for a more systemic approach to manage wildfire risk. The FCM model could be used as a decisionsupport tool and serve as a "boundary object" to facilitate collaboration and integration of different perceptions of fire in the region. This approach also has the potential to inform decisions in other dynamic frontier landscapes around the world that are facing increased risk of large wildfires.
INTRODUCTION
Forest fires are likely to become more dominant in Amazonia because of increasing feedbacks between rapid frontier expansion and droughts (Cochrane and Laurence 2008 , Lee et al. 2011 , Davidson et al. 2012 , Brando et al. 2014 . The 2010 severe drought in this region can be considered a proxy to examine the impacts of reduced precipitation and higher temperatures than average (Lewis et al. 2011 , Saatchi et al. 2013 , Anderson et al. 2015 . This and other recent widespread droughts have contributed to higher susceptibility of forests to wildfire during the dry season (Lee et al. 2011 , Brando et al. 2014 , and in the future this could be further exacerbated by increased moisture stress (Cox et al. 2004 , Christensen et al. 2007 , Williams et al. 2007 ), rapid land use change, logging, and spreading use of fire (Alencar et al. 2004 , Aragão et al. 2008 , Barlow et al. 2012 ).
Despite increasing efforts in studying the feedbacks between climate, fire, and land use change, understanding these dynamics and future wildfire risk remains challenging. This partly relates to (i) uncertainty linked to internal variability within the wildfire system, (ii) unknown future behavior of fire use, (iii) multiple forcing functions of biophysical and anthropogenic origin that influence the dynamics of wildfire, and (iv) nonlinear effects caused by these interacting drivers. When the variables and feedbacks in a system are highly uncertain and to large extent difficult to control, it may be more appropriate to consider a variety of possible future scenarios that include main uncertainties rather than to focus on an accurate prediction of a single outcome (Peterson et al. 2003) . Scenarios would represent alternatives that capture uncertainty about the future of a system, and provide insights into drivers of change, implications of current trajectories, and different options for action (Peterson et al. 2003 ).
Fuzzy cognitive mapping (FCM) is an approach with great potential to study complex systems in the context of rapid change, develop relevant plausible scenarios, and assess options to deal with future risk. Indeed, the ability to include variables and dynamics that are highly uncertain is one of the strengths of FCM (Özesmi and Özesmi 2004) . For these reasons, we decided to use FCM to explore possible future scenarios of wildfire risk. In addition, the use of FCM is more appropriate in data-poor environments where quantitative scientific information is limited and expensive, but local expert knowledge is extensive and available (Reckien 2014) .
The FCM method has been used in different fields, particularly in engineering, social and political sciences. A recent review (Papageorgiou 2011) found that FCM applications have increased significantly in the last decade, and more methodological efforts have enhanced its applicability in different domains. In ecosystem management, the first large-scale ecological application of FCM was published by Hobbs et al. (2002) . Since then FCM has been applied to address various ecosystem management objectives including lake management (Hobbs et al. 2002, Özesmi and Özesmi 2003) , water resources conflict resolution (Giordano et al. 2005) , agro-ecosystem management (Rajaram and Das 2010) , species management (Dexter et al. 2012) , and forest management (Mendoza and Prabhu 2006 , Soler et al. 2012 . More recent studies in environmental management have used FCM to Ecology and Society 21(4): 18 http://www.ecologyandsociety.org/vol21/iss4/art18/ address questions of livelihood vulnerability to hazards (Murungweni et al. 2011) , knowledge on structure and function of social-ecological systems (Gray et al. 2012) , ways to support adaptive environmental management (Gray et al. 2013) , climate change impacts and adaptation planning (Reckien 2014) , and community disaster planning and social learning (Henly-Shepard et al. 2015) .
In this study, we applied FCM to adopt a social-ecological systems approach for wildfire risk management at the regional level, considering climate change. Wildfire risk is defined as the probability of wildfire occurrence (Hardy 2005) . In the FCM application context, a high value of the "wildfire" variable was interpreted as high wildfire risk. FCMs were constructed in focus groups and combined with semistructured interviews to advance the understanding of social and ecological dynamics of wildfire, and evaluate possible ways to anticipate and respond to increased wildfire risk under drier climatic conditions. This application is novel in its contextual development and its analysis informed by interview insights.
To ground our findings, we focused on the Chiquitania region located in the Department of Santa Cruz, Bolivia, at the southern edge of Amazonia. This region has a long history and tradition of fire use, but accelerated land use change since the 1980s (Pacheco and Mertens 2004, Killeen et al. 2008 ) has resulted in the spread of fire use into new forest frontiers and an increase in wildfires (Peredo-Videa 2011, Redo et al. 2011) . Recent devastating wildfires are also associated with droughts. Wildfires during the 2010 severe drought burned 1.9 million ha of forest in Santa Cruz (Rodriguez-Montellano 2014) . The 2010 wildfires resulted in a national state of emergency, which has intensified public debate around wildfires, looking for tangible solutions to prevent potential impacts, particularly given the possibility of more frequent droughts in the future (Ibarnegaray et al. 2014) . According to regional and global climate model projections, seasonality may become more extreme in the region, with less precipitation during the drier months from July to November (Seiler 2009 , Seiler et al. 2013 . Since the 1990s, Marengo et al. (2011) also identified a tendency for a prolonged dry season in southern Amazonia, with a late onset in the wet season.
The 2010 wildfire crisis motivated a shift in the regional approach to address wildfires. New anticipatory risk strategies were considered moving away from command-and-control measures whose efficacy had proven limited. These anticipatory strategies do not focus on mitigating the impact, but rather on proactively addressing the root causes to prevent wildfire impacts in the future. The anticipatory strategies also differ from previous strategies applied in the Chiquitania in that they try to incorporate the knowledge and participation of local actors who traditionally use fire.
Proactively considering future risk is a form of adaptation whereby adaptation is not only reactive but is also anticipatory or planned (Smit and Wandel 2006, Chapin et al. 2009 ). Adaptation can either reduce exposure to a hazard, i.e., by containing or controlling it, or decrease susceptibility and increase the capacity to cope, adapt, or benefit from the effects of a hazard (or multiple hazards) with a wide range of possible actions, including those taken before and after the impacts are felt (IPCC 2001 , Pelling 2011 . The new strategies to reduce wildfire risk in the Chiquitania focus on both decreasing fire use (exposure) and building capacity to better manage fire. By doing so, they anticipate for future events that can trigger change in the coupled social-ecological system (Boyd 2008 , Boyd et al. 2015 .
Nuttall (2010) describes anticipation as being about foresight, and a prerequisite for thinking about adaptation. Anticipatory practice can take different forms but anticipation potentially helps to raise awareness about possible futures and can sensitize society to the consequences of choices and actions of individuals and societies (Poli 2010) . Quay (2010) highlights that anticipatory practices include foreseeing a range of possible futures, including assuming that observed trends will continue, and this can help build the adaptive capacity to respond to events at early rather than later stages of their occurrence, when they may result in crisis. In this study we build on these concepts of anticipation and adaptation, and also recognize that the links between adaptation, risk management, and disaster risk reduction have been tackled by a number of scholars (Schipper and Pelling 2006 , O'Brien et al. 2008 , Patt and Schröter 2008 , Field et al. 2012 , O'Brien and Barnett 2013 .
Furthermore, Leach et al. (2007 Leach et al. ( , 2010 point out that, when analyzing how systems change over time, it is important to pay attention to the multiple ways in which different actors may frame their understandings of the past, of present changes and why they matter, and of future possibilities of change. To take this into account, we examined plausible future scenarios by bringing together a range of actors with different perspectives of fire and visions of the future in the Chiquitania. In the region the scientific information on the wildfire system is growing but is still fragmented. However, the historical use of fire in the Chiquitania has created a vast pool of traditional knowledge on the ecological and social dimensions of fire (McDaniel et al. 2005, Pinto and Vroomans 2007) . The combination of FCM and interviews aims to capture this rich body of knowledge.
The scenarios analyzed in this study not only considered alternative approaches to anticipate future wildfire risk, but also possible failure to do so. We assessed all scenarios in the context of climate change, assuming more frequent droughts, i.e., more prolonged dry periods. Given the importance and benefits of using fire for rural production in the Chiquitania, outcomes from plausible scenarios were evaluated in terms of trade-offs between wildfire risk reduction and production of agriculture and livestock. The following questions guided the research:
1. What variables are perceived to have an effect on wildfire occurrence in the Chiquitania, and how do these variables interact?
conservation of this forest in Bolivia, most of this region was recognized in 2005 as a "Model Forest" (IMFN 2013) covering more than 20 million ha in the Department of Santa Cruz (Vides et al. 2007 , Justiniano et al. 2014 . Model Forests are established based on an approach that seeks inclusive and participatory processes to integrate the social, cultural, and economic needs of local people with the long-term sustainability and conservation of large forest landscapes (IMFN 2011 , RIABM 2015 . The natural vegetation in the Chiquitania is characterized by tropical dry forest with semideciduous canopy trees, intertwined with grasslands and shrubbery of the woody savanna Cerrado (Killeen et al. 1998) . The regional climate is marked by a dry season with an average of six months a year (starting in April/ May) receiving < 100 mm month -1 , of which the driest months are July and August. Given the size of the region, two representative study sites were selected (Fig. 1) . One is the Municipality of Concepción, in the transition zone between the Chiquitano dry forest and the Amazon rainforest; the other is the Municipality of Roboré, in the transition zone between the dry forest and the Chaco.
The case study municipalities show a similar land cover and land use configuration to the region. About 54% of the Chiquitania is covered by seasonally dry tropical forest. This forest type covers 55% of the Municipality of Concepción and 65% of Roboré ( UTNIT 2010) . Land tenure in the Chiquitania region is concentrated in the livestock sector, with properties varying in size from 50 to 50,000 ha. The livestock sector contributes to about 90% of the regional economy together with the forestry sector (Vides et al. 2007 ). By 2010 land used for cattle ranching, including some mixed agriculture and agro-forestry, extended over most of the region and the selected case study municipalities, covering about 80% of the Chiquitania, 63% of Concepción, and almost 95% of Roboré (UTNIT 2010) . The land used for mixed and commercial agriculture by 2010 was equivalent to 3% of the Chiquitania, 3% of Concepción, and 1.5% of Roboré.
The use of fire for agriculture and cattle ranching is common practice across the Chiquitania (McDaniel et al. 2005) . Different types of actors use fire for subsistence and commercial production in Concepción and Roboré. We focused mainly on two actor types, which represent the largest population of fire users in both municipalities and can be broadly categorized as local communities and cattle ranchers.
There are different types of local communities in Concepción and Roboré. Most are indigenous communities inhabited mainly by the Chiquitano people, which is the largest indigenous group in the Chiquitania. Several indigenous communities were founded between the 1950s and 1980s after the Agrarian Reform. During this time, some communities mixed with immigrants from other parts of the country, and more communities were established as a result of planned and spontaneous colonization in the context of import substitution policies (Pacheco and Mertens 2004) . Since the mid-2000s, a new colonization is taking place in the region driven by postneoliberalism policies introduced by the state, which is actively identifying fiscal land for distribution (Redo et al. 2011) . This recent colonization is expanding into Concepción and Roboré. This has led to new settlements known as intercultural communities inhabited by immigrants from different cultures and regions of Bolivia.
Indigenous communities in Concepción and Roboré practice mainly shifting cultivation for subsistence with some cash crops for trade, whereas intercultural communities produce primarily for commerce. Slash and burn agriculture is predominant in all cases, and the use of mechanization is currently minimal. Fire is used to clear forestland for agriculture ("conversion fire"), but also to burn waste, to cook in the households and during hunting, and to manage small-scale natural grasslands and cultivated pastures for cattle ("maintenance fire").
In the 1990s, deforestation accelerated in the Chiquitania because of neoliberal structural reforms to boost the country's economy (Pacheco and Mertens 2004 , Killeen et al. 2008 , Peredo-Videa 2008 . Private landholdings, such as cattle ranches in Concepción and Roboré, proliferated during this period. Since 2000, the livestock sector has been the principal cause of land cover change in the lowlands of Bolivia, representing about 50% of the deforestation and impacting particularly the Chiquitania (Müller et al. 2014) . Private small, medium, and large cattle ranchers are categorized according to the number of cattle they own and not their property size. The categorization is estimated in relation to the total number of cattle in a specific municipality.
Large private cattle ranchers generally use mechanized clearing to expand and maintain their production, whereas small cattle ranchers use mainly manual clearing and maintenance. Depending on their size and resource availability, medium private cattle ranchers may use mechanized clearing, but in most http://www.ecologyandsociety.org/vol21/iss4/art18/ instances they hire manual labor to clear land for pastures using conversion fire. To varying degrees, private cattle ranchers use maintenance fire to manage their pastures, which includes removing invasive species, facilitating grass regeneration, and eliminating pests. Maintenance fire is conducted on a periodic basis varying from every one to five years.
Semistructured interviews
We conducted in-depth, semistructured interviews aimed at understanding current fire use practices and conditions, local perceptions on wildfire including causes and impacts, observed changes over time, and prevailing wildfire risk strategies. Interview questions for local and regional authorities also aimed at eliciting their future visions for the Municipalities of Concepción and Roboré. The interviews were implemented prior to the FCM method. The responses helped us prepare the facilitation of the focus groups to construct the FCMs. Interview responses were also key to inform the assumptions used for scenario development and to ground the analysis of the outcomes. Fieldwork was conducted between July and September 2013.
A total of four communities participated in the interviews (Fig.  1 ). We conducted 10 semistructured interviews in each community (total 40 interviews) selected on predefined criteria (Table A1 .1). In Roboré, the selected communities were engaged since 2011 in a pilot project to improve fire use practices. Intercultural communities were not included in the interviews, because they were not formally consolidated yet. It was difficult to find people in these communities because they were still moving between their new and their original settlements. In each community, we first organized a community gathering to construct a historical profile and a community map. Household clusters were identified in the community map and a total of 10 households evenly distributed across the different clusters were randomly sampled for the interviews.
Interviews were also conducted with 10 private cattle ranchers in each Municipality (total 20 interviews). The proportion of small, medium, and large cattle ranchers we interviewed in each site was according to the distribution of the cattle rancher population in each category. The local Cattle Rancher Associations, which collected registries with these data, shared with us the following proportions: private large cattle ranchers (10% in Concepción, 5% in Roboré), middle cattle ranchers (60%, 35%), and small cattle ranchers (30%, 60%).
Finally, eight representatives of the government were interviewed in Concepción, five in Roboré, and three in Santa Cruz where the departmental government and the regional representation of the Forest and Land Authority (ABT Spanish acronym) are located. In Santa Cruz, interviews were also conducted with the Cattle Rancher Federation, and researchers and practitioners working on wildfire in the Chiquitania.
Construction of the FCMs
Fuzzy cognitive maps represent causal relationships among variables in a system as defined and described by people (Özesmi and Özesmi 2004, Murungweni et al. 2011) . Because the method adopts a participatory approach that involves local actors in building the FCMs, it is considered a more transparent way to build a model, deconstruct and capture tacit knowledge, and represent knowledge diversity (Gray et al. 2012) . Furthermore, FCM provides a flexible approach to include variables of different nature in the analysis. Hobbs et al. (2002) observed that a common difficulty in ecosystem management is that quantitative processbased models rarely address relationships of public concern that are highly uncertain, difficult to quantify, or not accessible. Instead, by building on expert knowledge, semiquantitative FCM can deal with the components of the system that are not well known, and can incorporate relationships yet to be quantified. Although expert knowledge is in itself not sharp and precise (Salski 1992) , this approach helps close some of the gap between the development of the model, plausible scenarios, and the public concerns.
The FCMs use fuzzy-graph structures to represent variables, i.e., concepts, and their causal relationships, i.e., directed and weighted connections or edges. The FCM variables can represent logical propositions, state variables, random events, or management decisions (Hobbs et al. 2002) . In this study, the FCMs represented local experts' perception of the interactions among the variables that influence, directly or indirectly, the occurrence of wildfires in the Municipalities of Concepción and Roboré. Variables ranged from concepts that could be measured, e.g., deforestation, to more qualitative concepts, e.g., intention to cause fire. The FCMs were developed in different focus groups, and hence represented stakeholder group knowledge (Özesmi and Özesmi 2004 ). Overall we facilitated five homogenous focus groups organized by actor type: indigenous communities, private cattle ranchers, local authorities in Concepción, local authorities in Roboré, and regional experts. The last group comprised representatives from the regional government, research institutes, and nongovernmental organizations based in Santa Cruz working on wildfire risk in the Chiquitania. Each focus group engaged five experts, which were selected from the pool of previously interviewed informants based on predefined criteria listed in Table  A1 .2. Essentially, these criteria helped identify the individuals with most knowledge about the wildfire dynamics in the case study Municipalities and with extensive experience in fire, agriculture and land management.
The steps implemented to construct the group FCMs are illustrated in Figure 2 . Prior to the focus group discussions, the interview responses were analyzed to identify a set of variables perceived to have an effect on wildfire occurrence. Variables identified in the interviews with local community farmers were used in the focus group with selected local community experts, variables identified in the interviews with local authorities were used in the focus group with selected local authorities, and the same with the other groups.
The first exercise with the experts in each focus group was to discuss, revise, and if necessary add to the set of preidentified variables before locating them in a circle on a large drafting film (Appendix 2). Next, causal connections (positive and negative) were discussed and directed edges were drawn among the variables. Variables in the system and their connections were evaluated one by one to ensure connections were not missed. Weights in real numbers [-1,1] were given to each connection based on a scale agreed among the experts at the beginning of the exercise. This scale was very similar for all the groups: 0.1 or 0.2 weak, 0.3 light, 0.5 moderate, 0.7 strong, 0.9 or 1 very strong http://www.ecologyandsociety.org/vol21/iss4/art18/ connection. The discussion among the experts helped in the interpretation of connections and their weights. During the exercise there was always opportunity to modify the FCM, which required using material that can be easily erased or moved around. To conclude the focus group work, participants discussed prevailing wildfire risk strategies and the effects they could have on the variables in the FCM. Discussions were voice-recorded and used for the analysis.
Fig. 2.
Steps implemented for the construction of fuzzy cognitive maps in focus groups. The five expert groups are represented by the five arrows in the flow diagram. The homogeneous focus groups are arranged by actor type: indigenous communities, private cattle ranchers, local authorities in Concepción, local authorities in Roboré, and regional experts. All actors are relevant to wildfire risk management in the Chiquitania region.
FCM network structure analysis
The variables and connections mapped in each focus group FCM were entered into adjacency matrices for further analysis . Once matrices were coded, the FCM developed by the regional experts was combined with the FCMs from the indigenous communities, cattle ranchers, and local authorities in Concepción to develop an augmented and normalized FCM (Appendix 3) as explained in detail by Kosko (1988) . When variables or connections among variables were repeated, the addition of FCMs reinforced fuzzy logic understandings. When variables or connections were not repeated, they were included in the augmented FCM, but they were not reinforced, i.e., they resulted in variables with low state value and weak causal connections. Although the number of variables and connections varied between the group FCMs, edge directions and signs were similar. For this reason the aggregation was straightforward, and matrices were added and averaged at equal credibility weights without conflict in edges.
The adjacency matrices were used to visualize the FCM networks and analyze their structure using different network metrics based on graph theory (Diestel 2005 , Newman 2010 . First, FCM networks were analyzed in terms of degree centrality to identify key variables for posterior FCM inference (Table 1) . Using degree centrality, variables were categorized into (i) central, (ii) transmitters, and (iii) receivers (Özesmi and Özesmi 2004 ; see definitions in Table 1 ). Transmitters represent drivers that are relevant to consider in policy or strategy formulation. Receivers or outcome variables were used to monitor and compare the outcomes of possible scenarios (Özesmi and Özesmi 2004) . In addition, other structure metrics were calculated to compare connectivity and complexity of the FCMs (Table 1) . Most metrics were calculated using igraph in R v3.0.2 and networks were visualized using NetDraw v2.121.
FCM inferences, sensitivity, and uncertainty analyses
To generate FCM inferences we used a neural network computational method (Kosko 1992, Özesmi and , see more details in Appendix 4). Inferences were generated of what could happen in the system under the given conditions of current relationships, i.e., the baseline, and under a different set of assumptions, i.e., plausible scenarios.
After running the baseline, a first sensitivity analysis was computed on the augmented FCM to assess the effects of varying the state values of transmitter and central variables in the system. Given the high effect of droughts ("prolonged dry periods") on the system as a whole, a second sensitivity analysis was conducted assuming a fixed high state value for "prolonged dry periods" at each run. From this second sensitivity analysis, the few variables that resulted in maintenance or reduction of wildfire occurrence compared to the baseline were selected and combined with interview data to design future scenarios.
Three scenarios were designed to capture possible ways to address increased wildfire risk in the Chiquitania (Table 2 ). The first scenario, "Hands-off," assumed failure to anticipate future risk by taking a passive approach. An intensification of current trends was associated to this scenario, taking into account recent national interests and policies to expand the agricultural frontier (Fundación Tierra 2015, Government of Bolivia 2015). The "Fire management" and "Fire suppression" scenarios related to two different proactive approaches to deal with future wildfire risk. The Fire management scenario recognized the fire tradition in the Chiquitania and assumed that fire can be better managed. The Fire suppression scenario assumed efforts to eradicate the use of fire by introducing alternative techniques, which concurrently help intensify production practices in the livestock sector.
For the scenario runs, the same procedure of matrix multiplication using the equation in Appendix 4 was computed as with the baseline, except that the values of some variables were manipulated based on assumptions informed by interview results, focus group discussions, and the sensitivity analysis ( Table 2 ). The value of some transmitter variables in the state vector were fixed http://www.ecologyandsociety.org/vol21/iss4/art18/ Ecology and Society 21(4): 18 http://www.ecologyandsociety.org/vol21/iss4/art18/ during the iterations because they represented drivers that could be manipulated without affecting the structure of the FCM. A new variable ("modernization driver") was introduced to analyze the effect on key central variables in the system. In other instances, the weights of causal connections were manipulated to assume change in the strength of the relationship.
The scenarios were mainly based on assumptions about socioeconomic processes, however it was also necessary to account for the effects of climate change in terms of more severe droughts ("prolonged dry periods"). This was particularly important given the overall systemic effect of this variable revealed by the sensitivity analysis, and the perception shared by many interviewees about dry periods becoming longer and more frequent. To capture this, FCM inferences were computed for each scenario assuming a fixed high state value for "prolonged dry periods."
Because all input and output of FCMs are semiquantitative in nature, information provided in numbers was only analyzed relative to other numbers in the network , Reckien 2014 . Therefore, scenario outcomes were not directly compared with absolute indicators (Reckien 2014) but rather interpreted as a summary of relationships between variables and changes compared to the baseline (Özesmi and Özesmi 2004) .
Limitations
Some drawbacks of the FCM inferences are that (i) they do not generate insights on explicit spatio-temporal dynamics and (ii) they are based on subjective weighting of relationships among variables in the system (Murungweni et al. 2011) . To overcome part of the temporal limitation, we followed a suggestion by whereby the variables included in the FCM operate on a similar temporal scale, in this case on an annual basis. To overcome the subjective weighting of casual connections we (i) involved multiple actors in the coconstruction of the FCM and (ii) conducted an uncertainty analysis to assess the effects of variation in the weights following Murungweni et al. (2011) . The uncertainty analysis was performed by varying all the edge weights in the matrix of the FCM within 10% of their value. For the analysis, 5000 matrices were generated using Latin Hypercube Sampling and run for each scenario. The range of output values provided insight into the robustness of the outcomes (Murungweni et al. 2011) .
RESULTS

Forcing functions, outcome variables, and complexity
The structure analysis of the FCM networks generated important insights about key variables and different "mental models" (Gray et al. 2012 ) of the wildfire system in the Chiquitania. The augmented FCM resulted in a network of 36 variables with 110 edges (Appendix 5). Figure 3 shows the network visualization of the augmented FCM generated from combining the regional experts' FCM and the three group FCMs developed in Concepción (see group FCMs in Appendix 6). In total, 22 variables were common across the group FCMs, equivalent to 60% of the variables in the augmented network.
The central variables in the augmented FCM were the same as in the group FCMs (Table 3) . Central variables are important because they have the greatest capacity to influence the system as a whole. Across all FCMs the central variables ranged between 3 to 5, which showed how people's understanding of complex dynamics tend to focus on fewer important variables, with a larger number of variables playing less of a central role (Fig. 4) . Common central variables were "manual deforestation," "livestock production," and "mechanized deforestation," which highlighted the multiple perceived interactions between wildfire, land clearing, and the production systems in the region. As expected, "wildfire" was a common central variable given the research question used to develop the FCMs. Most of the transmitters and receivers were also similar among the group FCMs (Table 3 ). In general, the networks exhibited a large number of transmitters. Some related to variables that local and regional actors in the interviews perceived as exogenous forces that were "out of their control." For instance, "prolonged dry periods" were perceived as a force affecting the system from outside its boundaries, and the development of "roads" or "fiscal land for endowment" were dictated by external top-down decisions led by the national government outside the regional system. However, other transmitters related to agency, represented by different actors that use fire for their production such as private cattle ranchers, indigenous and intercultural communities. Agency was not perceived as an outside force, but instead as an endogenous factor, which has potential to influence wildfire occurrence from within the system boundaries. http://www.ecologyandsociety.org/vol21/iss4/art18/ The transmitters also related to the main drivers of wildfire mentioned in interviews. In addition to the common transmitters in Table 3 , hunting was mentioned in several interviews. For example, an indigenous farmer explained the different causes of wildfire in Roboré: "Wildfires in the mountains are mainly caused by hunters. Wildfires on this other side are from land clearing. Wildfires are always caused by humans, they are not natural. Even kids used to play and start a fire." In addition to accidental (and intentional) anthropogenic fires, many interviewees indicated that wildfires were closely linked to biomass accumulation and a prolonged seca (local term for dry period).
Although identifying drivers of wildfire is important to formulate strategies that focus on the root causes, it is also necessary to identify outcome variables to monitor and compare the scenario outcomes of possible strategies. The receiver variables in the FCM networks are outcome variables because they are greatly influenced by the other variables in the system. "Livestock production" and "agricultural production" were identified as receivers in all the FCMs; both related to the main purpose of fire use among local communities and cattle ranchers. These two outcome variables were used to evaluate the scenario outcomes in terms of trade-offs, i.e., if strategies could reduce wildfire occurrence without having a detrimental effect on livestock and agriculture production.
We used additional network descriptives to compare structure and complexity results at network level (see Appendix 5). The network complexity was higher in the regional experts' FCM than in the other group FCMs. Overall, the augmented network presented a higher number of connections, lower average weight of total causal connections, lower hierarchy, and a higher edge to node ratio than the group FCMs.
Future wildfire risk anticipation and uncertainty
Key variables for wildfire risk management
Transmitters were key variables considered in the scenario design. The sensitivity analysis complemented the degree centrality analysis to further narrow down variables with a significant effect on the system as a whole, and on wildfires in particular (Table 4) . The transmitter variables with the highest effect on the system were "prolonged dry period," "roads," "medium cattle ranchers," and "large cattle ranchers," followed by "fiscal land for endowment." In the interviews these variables were perceived to be rapidly changing and expected to increase in the future. Several farmers noticed a delay in the offset of rain and referred to prolonged dry periods becoming more frequent and affecting their production. For example, a farmer in Concepción explained, "Since 2000 we have had dry years, we felt the seca more … The seca has been very long. These have been difficult years for agriculture." Prolonged dry periods were also perceived to increase wildfire risk. Assuming a fixed high state value for "prolonged dry periods" in the sensitivity analysis, only few variables had high effect on wildfire occurrence. Fixed to a low state value, these variables could maintain or reduce wildfire risk compared to the baseline. Variables that helped maintain the level of wildfire occurrence were "intent to cause fire," "manual deforestation," "hunting," and "burning for new pastures." The only two variables that resulted in wildfire risk reduction were "burning for regrowth" (of natural grass or cultivated pastures) and "burning for new agriculture fields."
Ground perceptions informing scenario assumptions
The Hands-off scenario assumed failure to anticipate future wildfire risk in the context of intensifying current trends. An increase in roads was assumed based on government plans to improve the transportation network and the perception of local and regional authorities we interviewed, who envisaged rapid economic development and an increase in production in the future. These interviewees also indicated future growth in private cattle ranchers because of the following: (i) the Chiquitania being recently declared a zone free of foot-and-mouth disease, attracting more investment in the livestock sector, (ii) shifting investment from forestry to cattle ranching because of more strict regulations in the forestry sector and more strict enforcement of land policies, and (iii) recent national policies fostering food security and agreements between the national government and the agro-industry sector to boost productivity and expand the http://www.ecologyandsociety.org/vol21/iss4/art18/ agricultural frontier in the lowlands of Bolivia to 13 million ha by 2025 (Government of Bolivia 2013 , 2015 , Fundación Tierra 2015 . This scenario also assumed increasing fiscal land endowment, which according to local authorities in Roboré and Concepción would result in more intercultural communities settling in the region, with potential land and cultural conflicts.
The Fire management scenario recognized the fire use tradition in the region, but also the need for a collective change in fire use practice. Adoption of improved burning practices was assumed based on growing awareness about wildfire risk and pilot actions by different fire users. In the interviews, community farmers and private cattle ranchers explained they have been exposed to media campaigns on wildfire prevention since the early 2000s. They also mentioned being "afraid" of fire sanctions, which the ABT had enforced more strictly since the mid-2000s. Although these activities seemed to have raised awareness, change in behavior was perceived mainly in communities that had been exposed to impacts of wildfires in the past, or had participated in training and pilot actions. These trainings were motivated to a large extent by the 2010 wildfire crisis. In the Municipality of Roboré, a pilot project was initiated in 2011 by a local conservation NGO to facilitate coordination of fire management activities. Communities in the project were trained in improved burning techniques and fire control, as well as in monitoring activities to inform a decentralized early warning system. The regional government supported additional trainings to set up a decentralized system of fire brigades. In Concepción, the Municipality started to coordinate similar training on a more adhoc basis.
The Fire suppression scenario considered reducing the use of fire by substituting it with alternative fire-free techniques. In the Chiquitania, these techniques targeted primarily the livestock sector because they have potential to increase its productivity. The assumptions are largely based on a program launched in 2011 by the national government called Amazonia Sin Fuego (Amazonia Without Fire). Demonstration fields are being piloted in the region to show how pastures can be managed without fire using intensive production systems. The program recognizes that burning is a traditional production practice in the country, but considers it backward and an "inadequate practice and an uncontrolled phenomenon, which has resulted in large forest fires in recent years" (PASF-II 2012:1). The intention to increase productivity also related to future visions shared by local authorities in Concepción and Roboré, who planned to subsidize mechanized land clearing in the coming years. An authority in Concepción explained:
We 
Scenario outcomes and uncertainty
The baseline showed high wildfire occurrence, as well as high deforestation and livestock production (Fig. 5) . Similar patterns were observed under the Hands-off scenario, with a rise in deforestation and livestock production compared to the baseline (Fig. 6 ). An increase in the "prolonged dry period" under the Hands-off scenario showed a significant decrease in agriculture production compared to the baseline.
Reduction in wildfire risk was higher in the Fire management scenario than in the Fire suppression scenario. This difference was observed even when assuming more prolonged dry periods, indicating that the wildfire system would be sensitive to improved fire management even under drier climatic conditions (Fig. 6 ). Most importantly, the Fire management scenario showed the least tradeoffs between wildfire risk reduction and production in the region.
DISCUSSION
Understanding complex systems with FCM Although the FCMs developed by different actor types were distinct, the network structure analysis identified similar patterns that helped understand important aspects of the wildfire system in the Chiquitania. The relatively high number of transmitter variables in the FCMs implied that the system's function was perceived to be greatly influenced by a multiplicity of drivers, some of which were considered to be exogenous to the system, e.g., prolonged dry periods related to global phenomena, and some endogenous, i.e., fire users that were identified as important agents driving wildfires. Recognizing the importance of agency, actors could envisage different ways to deal with wildfire risk depending on their perceived role either as a user, manager, or policy maker in the system. This was an indication of their knowledge on this particular domain, and of existing interest to create conditions for change. Explicitly including actors as variables in the FCMs was helpful because it allowed participants to discuss specific entry points and agents that could catalyze change in the wildfire system.
Further analysis distinguished a set of few variables common to all FCMs, which played a key role in influencing system behavior and ultimately in reducing wildfire risk. This helped overcome somewhat the "noise" brought by the high number of transmitters (Gray et al. 2012) and narrow down the focus on particular components of the system that could be manipulated to evaluate possible outcomes. The interviews helped to contextualize the analysis and further understand the particularities of key drivers. This combination of steps helped answer the first research question guiding this study. The small number of highly connected and influential variables with many more variables exhibiting fewer connections was also observed by Özesmi (2006) in a meta-study of different FCMs representing peoples' perceptions of complex systems. Interestingly, the most central variables in the augmented FCM demonstrated low sensitivity to random variations in the relationships' weights. This is probably because their higher number of connections means that random uncertainties in various contributing connections tend to compensate each other, leading to moderate overall uncertainty in central variables.
Combining different FCMs allowed aggregation of diverse mental models and helped better specify the complexity of the wildfire system. No one's construction of reality is ever complete, so engaging groups of actors to develop FCMs and combining them helped coconstruct a more complete knowledge base building on similarities and differences in perception (Murungweni et al. 2011 , Gray et al. 2012 , Kontogianni et al. 2012 ). This process allowed better characterization of the structural form and function of the system, which seemed to be more adaptable to local changes because of the higher level of connectivity and dependence among variables. According to scholars such as Bodin and Crona (2009) and Crona and Hubacek (2010) higher connectivity denotes change potential in the system to discourage undesirable states.
Future scenarios of wildfire risk and possible implications
The FCM method was successful in capturing feedbacks in the wildfire system. The inferences highlighted the need to account for climate change in strategies that anticipate future wildfire risk in the Chiquitania. This is particularly relevant considering future predictions of more extreme seasonality (Seiler 2009 , Seiler et al. 2013 . The FCM also generated insights into potential risks and trade-offs of these strategies, which can complement other studies focused on climate, fire, and land use change feedbacks in Amazonia , Aragão et al. 2008 , Lee et al. 2011 , Brando et al. 2014 .
Where adaptation is not undertaken in response to a perceived risk, vulnerability will remain unchallenged and may indeed increase (Pelling 2011) . This was observed in the Hands-off scenario outcome when addressing the second research question of this study. A passive attitude toward risk, combined with droughts and policies favoring expansion of the agricultural frontier, resulted in increased wildfire risk and actually a decrease in agriculture production compared to the baseline. Given that agriculture production is the main subsistence livelihood of indigenous communities in Concepción and Roboré, it could be argued that this actor type may become more vulnerable to wildfire risk in the context of future drier conditions.
When comparing the adaptation scenarios to assess their outcomes in light of our third research question, we realized that surprisingly wildfire risk in the Fire suppression scenario was higher than in the Fire management scenario. This implied that the reduction of ignition points in the Fire suppression scenario might not be enough to counteract the favorable conditions for wildfire created by other interacting variables in the system. Targeting only the fastest growing sector in the Chiquitania to reduce wildfire risk seemed to fail in delivering an effective systemic response because it missed other positive feedbacks. In the outlook of more severely dry seasons (Seiler 2009 ), this calls for measures to involve all fire users (not only a sector) to anticipate wildfire risk, yet keeping them actor-specific.
The fire risk strategies considered in the scenarios related to incremental adaptation. Incremental adaptation entails changes to the aims, rules, and practices within the prevailing political regime (Pelling 2011) . Although both adaptation scenarios were based on the collective adoption of best practices and technological improvements, the Fire management scenario related to a process initiated from within the system (inside-out), whereas the Fire suppression scenario was initiated from outside (outside-in). In the Fire management scenario, different actors endogenous to the system played a role in the uptake of improved burning practices expected to spread either vertically or horizontally. In the Fire suppression scenario, on the contrary, change was initiated by the state's interest to modernize "backward and dangerous" burning practices.
To some extent, the Fire suppression scenario conserved characteristics of a command-and-control approach because it aimed to partially constrain the variability in the system by eradicating the use of fire and avoiding exposure to wildfire. Holling and Meffe (1996) argued that by limiting variation and exposure, the system may lose its capacity to adapt and may become even more vulnerable to unanticipated disturbances. This was observed for example in Venezuela where suppression of traditional fire use in grassland-forest landscapes led to larger wildfires in recent years (Sletto and Rodriguez 2013) . There are similar examples in other forest landscapes worldwide where suppression resulted in perverse outcomes (FAO 2011 , Stephens et al. 2014 . This may explain in part the higher wildfire risk observed in the Fire suppression scenario compared to the Fire management scenario. Regional experts also perceived that fire eradication could result in undesirable accumulation of biomass leading to larger wildfires. Some experts pondered prescribed burning as an additional strategy to manage wildfire risk in the Chiquitania.
Another important difference is that the Fire suppression scenario would require more investment in technological transfer and implementation than the Fire management scenario. Such investment may increase transition costs over time, enforcing path-dependence in the future (Gunderson and Holling 2002) . Galaz (2014) warned that lock-in effects (in this case to technocentric approaches) could lead to irreversibility and undesirable outcomes. An undesirable outcome of the Fire suppression scenario would be increased vulnerability to large wildfires, but also a rise in deforestation. Deforestation could accelerate unless mechanized land clearing is accompanied by measures to prevent http://www.ecologyandsociety.org/vol21/iss4/art18/ it. This is important in the context of eastern Bolivia where changes in land policy have triggered deforestation in the past (Pacheco 2006 , Redo et al. 2011 , Müller et al. 2014 .
Although the Fire management scenario outcome showed the least trade-offs between wildfire risk reduction and production, there are limitations and risks to this approach. Reeder et al. (2009) argued that incremental adaptation can be dangerous and costly if major reforms are needed to deal with future risk. By improving burning practices, for instance, the Fire management approach does not limit fire use in properties that are increasingly expanding in size. According to Pinto and Vroomans (2007) the expansion of property size has largely contributed to accidental fires in recent years. In like manner, fire management strategies have not considered new fire users in intercultural communities that are spreading the use of fire into new forest frontiers of the Chiquitania. These fire users do not always have prior traditional knowledge about fire use, and therefore they represent an important risk factor. The Hands-off scenario did account for this trend and the outcomes were concerning.
Most likely different strategies considered in the scenarios will take place simultaneously in the Chiquitania. Indeed, combining different strategies may be necessary as activity at the niche level alone may not be sufficient to reduce wildfire risk at the system level. Pelling (2011) suggested a "nesting" of approaches, where different strategies can complement each other and changes at one scale facilitate changes at different scales. Nesting strategies to collectively anticipate wildfire risk would enable multilevel collaboration, which Ostrom (2008) introduced as a polycentric approach. Improved fire management, for example, may not be sufficient to prevent accidental fires in large properties, in which case mechanization and fire-free technology would be more appropriate. Likewise, mechanization would not be feasible in mountainous regions of the Chiquitania, where fire management would be a more suitable strategy. The spatio-temporal scales of impact would need to be carefully considered to implement a polycentric approach based on actor-specific strategies. The time and capacity to achieve a coordinated nesting of strategies that can have a system-level effect may indeed represent a "limit to adaptation" (Adger et al. 2009 ) to increased wildfire risk in the Chiquitania.
Using FCM to support collaboration and decision making Özesmi and Özesmi (2004) recognized the potential of FCMs in strengthening the capacity of key actors to improve long-term management strategies. In this study, the coconstruction of FCMs proved to be an appropriate approach to engage different actors relevant to wildfire risk management. They contributed distinct knowledge, world views, and perceptions of fire. Although the development of the FCMs helped initiate discussion within the group of each actor type, a broader discussion that brings all actor types together is still unusual. Such dialogue would help different actors understand wildfire risk from different perspectives, which is a necessary step toward improving collaboration and nesting of strategies for a more systemic approach to wildfire risk.
In 2013 a Regional Fire Platform was launched in Santa Cruz to facilitate dialogue and coordination among all actors, regional to local, who can make a significant contribution to reduce wildfire risk in the region. The augmented FCM could potentially serve as an effective "boundary object" (Star and Griesemer 1989 , Cash et al. 2002 , White et al. 2010 to discuss scenario outcomes in this space and negotiate different perspectives. Star and Griesemer (1989:393 ) defined boundary objects as analytic concepts that "have different meanings in different social worlds but their structure is common enough to more than one world to make them recognizable, a means of translation." According to Cash et al. (2003) the use of boundary objects can contribute to the production of (i) more salient information by engaging the information users in the production, (ii) more credible information by engaging expertise, albeit maybe with conflicting views, and (iii) more legitimate information by providing greater access to the process for multiple perspectives and greater transparency. Based on this, we think that participatory models such as this FCM have the potential to serve as boundary objects and facilitate a more open discussion for "social learning" (HenlyShepard et al. 2015) and the production of useful information to improve management strategies.
So far the use of FCM in this study has helped address somewhat the mismatch between qualitative storylines, public concerns on increasingly large wildfires, and the model assumptions and parameters. The combination of interviews with the construction of FCMs based on what matters to participants helped capture relevant trends and possible future trajectories to build the scenarios. Because participants would be familiar with the model and to certain extent have ownership of the results, we believe the FCM has the potential to be used as a decision-support tool for wildfire management in the Chiquitania. The timing of these results is also appropriate because the government of Santa Cruz is developing a new 10-year program to manage wildfire risk in the region. The use of the FCM model to support decisionmaking processes in the Chiquitania remains to be tested as we go back to the region to share the results and facilitate exchange between the participants that helped in its development.
CONCLUSION
The FCM model was successful in identifying key forcing variables driving the wildfire system in the Chiquitania and generating possible "what if " scenarios based on perceptions of key actors relevant to wildfire risk management in the region. The semistructured interviews contributed to capture some of the "whys" to inform scenario design and ground the discussion of the outcomes. Given the uncertainty around variables and feedbacks in the wildfire system, the FCM model was used to assess different possible scenarios rather than produce an accurate prediction of the future. The uncertainty analysis helped increase robustness of the outcomes generated with the FCM model.
A passive attitude toward increased wildfire risk in the context of intensifying trends led to higher vulnerability in the future. Under extremely dry conditions, this seemed to affect particularly the agricultural production, which is the main livelihood of local communities in the region. Unexpectedly, the Fire management scenario showed lower wildfire risk than the Fire suppression scenario, even under drier climatic conditions. The reduction of ignition points under the Fire suppression scenario seemed insufficient to balance the reinforcing feedbacks among other variables in the system. Most likely, strategies will need to be nested for a more systemic approach to anticipate and better manage wildfire risk in the future. The FCM model has the potential to support this process Ecology and Society 21(4): 18 http://www.ecologyandsociety.org/vol21/iss4/art18/ by informing management decisions and facilitating discussion between different actor types. This is particularly important given the interest of the government in Santa Cruz to improve wildfire risk management with a new program and the recently launched Regional Fire Platform.
The findings of this study also provide specific hypotheses that could be tested in further research to include more quantitative data and explicit spatial and temporal dimensions. As wildfire becomes a growing global concern with climate change, the findings and the approach used in this study are relevant contributions to advance wildfire risk adaptation in other dynamic frontier landscapes around the world.
Responses to this article can be read online at: http://www.ecologyandsociety.org/issues/responses. php/8599
